outlook outlook W e are witnessing two global and deeply worrying trends that, at first glance, seem unrelated. the first trend is the ongoing decline in bio diversity, which is caused by human actions. it could well become the sixth mass extinc tion of animal and plant species on Earth, comparable in magnitude with the fifth mass extinction at the end of the cretaceous, 65 million years ago. the second trend is a rapid increase in chronic diseases that are associated with inflammation, especially in developed countries (Fig 1) . inflammation is a key attribute in asthma and allergic dis eases, autoimmune diseases and many can cers; even depression has been associated with the presence of inflammatory mark ers. in this article, we argue that these two pheno mena are more closely related than commonly thought: declining biodiversity might actually increase the risk to humanity from chronic diseases and thereby cause a major public health problem.
the underappreciated link between bio diversity and human health are microbes, which inhabit all ecosystems, including the human body. although microbial life on Earth as such is not threatened-unlike many plant and animal species-the diver sity and abundance of microorganisms in affluent urban environments has clearly declined (alenius et al, 2008) , which raises intriguing questions. What are the effects of the loss of biodiversity of plants, animals and their habitats on the environmental microbiota? What is the relationship of the microbiota living on our skin, in our respiratory system and in our gut, with the environmental microbiota? What are the effects of any changes in human bacterial communities on human health? our proposal would expand the 'hygiene hypothesis', which posits that environments rich in microbial diversity confer protection against allergic and autoimmune diseases (rook, 2009) . While the hygiene hypo thesis mainly focuses on microbes in the home, in food and drinking water and on domestic animals, we believe that it should include our living environment in general. We thereby extend the hygiene and micro bial deprivation hypotheses to a biodiversity hypothesis, with inevitable consequences for public health. B iodiversity means, by definition, "the variability among living organisms from all sources, including, inter alia, terrestrial, marine and other aquatic eco systems and the ecological complexes of which they are part; this includes diversity within species, between species and of eco systems" (www.biodiv.org/convention/). in practice, the most pertinent elements of bio diversity are genetically diverse populations of many species, including cultivated plants and domesticated animals; the size and the state of natural habitats; and the function ing of ecosystems. although the convention of Biological Diversity is primarily con cerned with plants and animals, biodiversity includes microorganisms, which are less visible but which comprise the bulk of living matter on Earth.
the united nations' international year of Biodiversity in 2010 was supposed to be the turning point for biodiversity loss. yet, a recent report confirms that the rate of decline shows no signs of slowing down; the various pressures on biodiversity continue to increase (Butchart et al, 2010) . on the basis of figures from the Millennium Ecosystem assessment, the prehuman background rate of species extinction, calculated from the fossil record, is between 0.001% and 0.01% of species per 100 years. the current rate is approximately 1% and is increasing: future projections estimate that 20-30% of species will become extinct within the next 100 years. this figure might seem high, but it is consistent with the most recent data about threatened species (www.iucnredlist.org/). overall, onethird of the 56,000 animal and plant species that are sufficiently well known to allow the evaluation of their status are threatened. the main cause for this dra matic loss of biodiversity is major changes in land use, mostly driven by the expansion of the human population and the ensuing destruction of natural habitats.
the loss of natural habitats, ecosystems and biodiversity has drastic consequences for human health. an expanding body of evidence demonstrates how natural envi ronments are vitally important to physical and mental health. For instance, a recent study reported an inverse association between physiciandiagnosed health and the proportion of green space in the patients' environment (Maas et al, 2009) . nature, and forests in particular, have substantial poten tial to improve human health; the international union of Forest research organizations (iuFro) has launched a task
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We thereby extend the hygiene and microbial deprivation hypotheses to a biodiversity hypothesis, with inevitable consequences for public health Overall, one-third of the 56,000 animal and plant species that are sufficiently well known to allow the evaluation of their status are threatened science & society outlo ok force on Forests and Human Health to inves tigate further this concept (www.iufro.org/ science/taskforces/foreststreeshumans/; www.forhealth.fi). Such associations between nature and health are well recognized, but we need more data and better understanding of the relevant mechanisms at the cellular and molecular levels. t he processes that link human health and environmental changes are multifaceted, complex and difficult to examine experimentally, but it is clear that microorganisms have a key role. commensals inhabiting our skin and mucosae are not passive bystanders or transient passengers, but active participants in the development and maintenance of barrier function and immuno logical tolerance in humans, and it is becoming increasingly clear that human health depends on both commensal and environmental micro organisms. this micro bial zoo includes bacteria, fungi, viruses and microscopic protozoans, although hardly any data are available on the roles of the latter. the bacteria population in the human gut has a high diversity at the genus and species level, but the community is dominated by two phyla, Firmicutes and Bacteroidetes, and to a lesser extent by acino bacteria and proteobacteria (turnbaugh et al, 2009) . recent meta genomic data indicate that each human harbours at least 160 bac terial spe cies, which are partly shared with other indi viduals. the total number of bacterial species identified in a sample of 124 Europeans was 1,000-1,150 (Qin et al, 2010) , suggesting a rather distinct individual composition of the flora.
it is well known that reduced diversity and composition changes of the gut micro bial community are associated with allergic disease (Sjögren et al, 2009) ; recent studies indicate similar associations with other inflammatory conditions (table 1) . the evi dence from mice and humans indicates that some common members of the normal microbiota have a special role in maintain ing homeostasis and health (reviewed by round & Mazmanian, 2009; Fig 2) . changes in the indigenous micro biota might therefore readily translate into disease.
Similarly to the gut microbiota, bac terial communities on our skin are a complex ecosystem with various lines of cells that can communicate with each other and with host cells. its members come from the same four phyla as in the gut, although with different relative abun dances, as grampositive actinobacteria and Firmicutes dominate (70-80%). Each body site harbours a characteristic microbiota with relatively low temporal variation (grice et al, 2009; costello et al, 2009) . Metagenomic studies have revealed that the diversity of bacterial communi ties on the skin is comparable with the gut microbiota (Qin et al, 2010; Fierer et al, 2008) , implying that the skin microbiota also has an important role in the immune system. the skin community, like the gut community, includes both transient and permanent members (grice et al, 2009) , suggesting that at least a part of the com munity is in dynamic inter action with the environment. Most research has been car ried out and published on the gut flora and its role in health and disease, but ongoing metagenomic projects might well reveal a significant role for these other microbiota. t he role of microorganisms is funda mental for immunological tolerance and tissue integrity. although the cause and effect are not entirely clear, literature on the development of epithelial cell tolerance and homeostasis (von Hertzen et al, 2011) and experiments that involve the transfer of gut microbiota (turnbaugh et al, 2006; Wen et al, 2008) show that altered environmental microbiota and reduced tolllike receptor signalling cause immune dysfunction, which enhances the colonization and growth of a different microbiota. this creates a selfper petuating cycle that pushes the host-microbe system towards an 'unhealthy' state. The processes that link human health and environmental changes are multifaceted, complex and difficult to examine experimentally, but it is clear that microorganisms have a key role science & society outlo ok the protective mechanisms against inflammatory diseases crucially involve activation of innate and regulatory net works by continuous exposure to microbes through the skin, gut and respiratory tract; in fact, humans have evolved over millen nia to coexist with microorganisms that do not elicit immune responses, but rather induce immunoregulatory circuits. thus, reduced diversity and exposure to these microorganisms might now lead to fail ure to terminate and restore inappropriate inflammatory responses (rook, 2009). two major discoveries in immunology-the regulatory network and the tolllike recep tor system-have fundamentally improved our understanding of the role of commen sal and saprophytic microbes in health and disease. the interaction of microbes with their specific receptors on and in immune cells is necessary for the development and maintenance of epithelial cell integrity, tolerance and tissue repair. in the absence of these microbial stimuli, the immuno regulatory circuits, including regulatory cytokines interleukin10 and transform ing growth factorβ, regulatory dendritic cells and regulatory t (t rEg ) cells, are no longer adequately induced. an inflam matory milieu, in turn, might enhance the conversion of t rEg cells to inflammatory t H 17 cells (von Hertzen et al, 2011) and enrich bacteria that tolerate inflammatory mediators in the microbiota, thereby cre ating a selfperpetuating system (Fig 3) . these molecular findings further sup port the hygiene hypothesis, which states that a sedentary lifestyle in affluent urban environments does not provide adequate microbial exposure for the development of a 'healthy' microbiota.
Epigenetic mechanisms have also received much attention during the past few years as a possible explanation of how environmental exposure modulates the immune system. Environmental factors evidently have key roles in activating or silencing genes by altering Dna and his tone methylation, histone acetylation and chromatin structure, which might mod ify disease susceptibility in individuals. Vuillermin et al (2009) suggest that micro bial exposure is linked with demethylation (activation) of the interferon (IFN)γ gene in naive t cells; thus, microbial deprivation in early life is associated with persistent methylation (silencing) of the IFN-γ gene, resulting in reduced iFnγ production and increased risk for allergic diseases. in gen eral, microberich environments induce both proinflammatory and regulatory cir cuits early in life (Schaub et al, 2009) , indi cating an early activation of the relevant genes. these observations call for more research on the role of microbial stimuli in the epigenetic modulation of t cells, particularly t rEg cell function. although early life is important for epi genetic modulation, significant changes might occur later, as Fraga et al (2005) showed in a comprehensive study of monozygotic twins. While the twins appeared to be epi genetically indistinguishable in early life, older monozygotic twins who had differ ent lifestyles and had spent less of their lives together had substantial differences in the overall content and genomic distribution of methylation and histone acetylationwhich probably contribute to discordance in disease susceptibility. science & society outlo ok p erhaps the strongest evidence for the idea that lifestyle and environmental factors modulate immune regulation comes from epidemiological studies on immigrants. individuals who move from areas with a low prevalence of chronic dis eases to an area with a high prevalence often have a good health status after arrival: the 'healthy immigrant effect'. However, their health eventually declines to the same level as the native population or worse. these changes seem to occur within 10 years after arrival, but are often most dramatic in recently arrived individuals (newbold, 2005) ; this phenomenon is not restricted to young people but occurs also in adults (Kalyoncu & Stålenheim, 1992) . this immunomodulation by cultural adap tation-which goes together with changes in disease susceptibility-seems to be a universal phenomenon for various inflam matory diseases, including asthma and allergies (grüber et al, 2002; Kalyoncu & Stålenheim, 1992) , autoimmune diseases (Bodansky et al, 1992) , obesity and type 2 diabetes (creatore et al, 2010) , depression (casimir et al, 2010) and cancer (pinheiro et al, 2009) . the disease spectrum is simi lar to that associated with altered gut micro biota, as discussed above.
the loss of biodiversity and disappear ance of natural habitats pose a serious threat to humankind because they impair many essential ecosystem services-one of which is the role of environmental microbiota in enhancing human health. living in dense urban environments might therefore lead to an 'immune adaptation syndrome'-that is, the inability of the immune system to adapt to microbepoor environments-in a large part of the population. at the popula tion level, changes in disease prevalence are slow to become apparent-the allergy problem, for instance, became visible in the mid1800s even when people had been liv ing in cities for a long time. at the individual level, immune disorders often start early in life, last for a long time, might cause disabil ity and require continuous medical treat ment, which creates a considerable burden for both patients and society.
people in affluent societies have both adapted their urban environment and have themselves adapted to it in order to balance their immune system. the creation of large parks and green belts in cities or local recreation areas certainly improve the mental and physical wellbeing of city dwellers. it is, however, increasingly difficult to create 'immunefriendly' green areas in the rapidly growing megacities. as the global population continues to grow, resources become increas ingly scarce, and there is simply less vacant space. Within the next 30 years, twothirds of the population in developing countries and almost 85% of the population in developed countries will live in urban areas with little green space (World urbanization prospects: the 2007 revision population Database; http://esa.un.org/unup/). urbanization and densification continue despite the accumu lating data showing that natural environ ments are associated with better physical and mental health. t he hypothesis that we proposebiodiversity loss leads to immune dysfunction and disease-has numer ous societal and public health implications that are increasingly apparent in the devel oped world and will have a major impact on developing countries in the near future. two independent lines of research-meta genomic studies of the microbiota in the gut and other sites, and immigrant studiessupport our idea that inflammatory dis eases characteristic of urban life in affluent countries are associated with changes in the environmental and commensal microbiota. We have already lost a huge amount of nat ural environments in the industrialized and developed countries and thereby depleted their biodiversity; if biodiversity loss con tinues unabated, the prospects for public health might indeed be bleak. the grow ing burden of inflammatory diseases might also enter a vicious cycle if the response is to reduce further our exposure to natural environments. Biodiversity loss works in the same direction, as it diminishes oppor tunities for outdoor activities and therefore encourages a sedentary lifestyle. chronic inflammatory disorders can be added to the long list of reasons of why we should care for the diversity of animal, plant and microbial life on Earth. We need to consider measures that not only preserve the natural environment but also reconnect us with nature. We need to preserve our connection to the soil and green spaces, we Within the next 30 years, two-thirds of the population in developing countries and almost 85% of the population in developed countries will live in urban areas with little green space …if biodiversity loss continues unabated, the prospects for public health might indeed be bleak
